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ABSTRACT Electrically assisted manufacturing (EAM) is a promising and rapidly developing metal
processing method. The power supply is a key sub-system for EAM, which needs to be designed properly.
This paper proposes the model-based design of a low-voltage high-current pulse power supply used for
EAM based on converter-level electro-thermal modeling. The thermal stress of key components is obtained
by converter-level finite element simulations. A simplified thermal modeling method is proposed to reduce
the computation burden of the FEM simulation to obtain the dynamic thermal profile under pulse current
operation. The impact of the duration of the current pulse on the maximum temperature and temperature
variations of MOSFETs is investigated based on the thermal model. A case study of a 10V/500A pulse
power supply is presented to demonstrate the theoretical analyses and verification. The outcomes contribute
to the design optimization and virtual prototyping of pulse power supplies for EAM applications.
INDEX TERMS Electrically assisted manufacturing, electro-thermal modeling, finite element analysis,
thermal model, virtual prototyping.
I. INTRODUCTION
Electrically assisted manufacturing (EAM) is an enhanced
metal forming process by applying direct electric current or
electric field on forming material. The enhancement includes
a reduction in flow stress during forming, increased duc-
tility and decreased elastic recovery through residual stress
elimination [1], [2]. It is already found beneficial to vari-
ous forming processes [3]. The complex effect of electricity
on metals is known as electroplastic effect (EPE) [4], and
is observed various metals and alloys, including stainless
steel [5], aluminum alloy [6], magnesium alloy [7], nanocrys-
talline, and amorphous alloys [8]. The research of EPE has
great significance in improving the formability of lightweight
materials in room temperature, in which lightweightmaterials
have a poor formability using conventional forming methods.
However, the mechanism and effect of EPE in metal alloys
The associate editor coordinating the review of this manuscript and
approving it for publication was Yijie Wang .
is not fully understood. More research should be carried out
to illustrate the mechanism and effect of EPE before EAM
can be widely used in industrial production. The research of
EAM and EPE has a significant impact on the promotion of
lightweight metal manufacturing, especially in the aerospace
and automotive industries.
The electric current acts on EAM is directly applied to both
ends of the resistive load during the forming process. The cur-
rent can be both constant and pulsed current. A square wave
is the most commonly used of current loading. The nomi-
nal current density varies from 6 to 180A/mm2 in [1], [6].
An advanced concept, electric energy density is proposed
based on the concept of nominal current density in [9]. It is
demonstrated that the pulse duration is also responsible for
the flow stress drop.
Besides the efficiency, thermal modeling and design
is an essential aspect of such pulse power supplies.
The degradation and failure of key components, such as
capacitors, and semiconductor switches, are sensitive to
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temperature [10], [11]. Moreover, the temperature variation
induced by the pulse operation should also be considered
since semiconductor switches have a limited thermal cycle
capability [12].
In previous EAM research and EPE experiments [1], [3],
[13], little attention has been paid to the design and opti-
mization of the current generator. Especially the reliability
and thermal performance of the power supply are usually
not considered while in the design stage. As EAM technique
becomes increasingly mature and has great potential in indus-
trial applications, the platform for EAM should co-developed
to provide a technical basis for the application.
Electro-thermal design is usually done to ensure the power
device or the designed system can operate safely in the
required working environment without building prototypes.
It is widely used in the design of high-power devices. Most
of the previous researches of electro-thermal design were
done for devices operating in a stable output [14]–[16]. The
analysis of stable thermal stress is sufficient. For the special
application of EAM and EPE experiments, the power supply
operates in a square-wave mode with short turn-on time and
small duty cycle. Transient temperature variation should be
analyzed. No discussion is done about pulse output equip-
ment in previous researches. Compared with steady-state
simulation, the computation burden of transient simulation
increases with the number of the time point, which may reach
hundreds of times of steady-state simulation. On the other
hand, many efforts were made by previous researchers to
simplify the thermal model of power electronics using equiv-
alent thermal resistances and capacitances circuit [17]–[19].
Although the simplified equivalent thermal circuit is precise,
a large amount of analysis and measurement are needed. It is
not suited for complex system needs a quick estimate.
To overcome the above limitations, this paper proposes a
multi-physics simulation-based virtual prototyping method
to design a low-voltage high-current pulse power supply
for EAM application. The proposed modeling and design
process is shown in Fig. 1. The main contributions are
1) converter-level static and dynamic electro-thermal model-
ing to support themodel-based design; 2) a simplified thermal
modelingmethod to decouple the static thermal modeling and
dynamic thermal modeling which significantly reduces the
computation time; 3) a selection strategy of power devices
for pulse power equipment based on the proposed thermal
model. The proposed method is demonstrated by a case
study of 10V/500A high current pulse power supply. The
paper is organized as follows: Section II introduces the case
study and key component design based on the electrical
performance requirements; Section III discusses the finite
element modeling (FEM); Section IV presents the proposed
thermal modeling method and the thermal aspect design for
the power supply, followed by the conclusions.
II. MAIN CIRCUIT DESIGN
According to the application, the input of EAM pulse power
supply is connected to 380V three-phase power source at
FIGURE 1. Flowchart of the proposed modeling and design process.
(The logos of the software are the property of the respective companies).
FIGURE 2. Schematic of the main circuit.
TABLE 1. Specifications of the power supply.
a frequency of 50Hz, and the output is a continuously
adjustable square wave. The load of the power supply in
EAM application is usually bone shape metal workpiece.
The resistance of the load depends on the size, material, and
shape of the workpiece. In this work, a workpiece made of
non-crystalline material with a resistance of 0.02 is used.
The specifications of the power supply are shown in Table 1.
The schematic diagram of the main circuit is shown
in Fig. 2. In the left part, an AC/DC rectifier achieves power
factor correction and regulates the bus voltage to a dc value.
In the rest of the circuit, the dc-dc stage must step down
the voltage and provide a galvanically isolated and tightly
regulated dc output. Full-bridge converter is chosen because
of the high power (5 kW), and phase-shift control is adopted
because of its easy realization of ZVS switching, which
can effectively decrease switching loss in a high-frequency
device [21]. Clamping diodesD1 andD2 are used to suppress
voltage spikes in the secondary-side rectifier circuit due to
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parasitic oscillations. A current doubler rectifier (CDR) is
applied instead of the central tapped rectifier to increase its
output current capacity [20]. Synchronous rectification (SR)
is used to reduce power loss. Lr is resonant inductor to achieve
ZVS. But it is omitted because the leakage inductance of the
transformer (about 2 µH) is high enough to meet the energy
requirements.
The operation principle and component sizing procedure
are based on [21]. The switching frequency of the PSFB
is considered as a design variable since it has a significant
impact on the efficiency and power density of the converter.
In the following study, a switching frequency for every
10 kHz in the range of 10 kHz to 100 kHz is considered. The
number of winding turns of the transformer and power losses
of every component are calculated under every frequency.
A higher frequency would lead to a smaller number of turns,
and would subsequently lead to a smaller transformer volume
andwinding loss. The frequency and number of winding turns
are listed in Table 2. However, a higher frequency would also
lead to other disadvantages, such as higher power loss of the
primary MOSFETs and smaller skin depth in the winding.
According to Table 2, 50 kHz is selected for the main circuit.
The ultimate parameters of the selected main components are
listed in Table 3.
TABLE 2. Frequency and winding turns.
The design of magnetic components is vital since
their power losses and dimensions are necessary for the
converter-level thermal modeling. For the transformer, Litz
wire is used in the primary winding to avoid extra copper loss
caused by skin effect. The wire size and strand are calculated
based on theAmericanwire gauge (AWG) [22]. Copper foil is
adopted in the secondary winding to reduce copper loss under
high current. The current density in copper foil is limited
to 6A/mm2. An empirical coefficient of window utilization
factor Ku = 0.3 to ensure the selected core able to meet the
winding requirements. The inductors are designed according
to the procedure in [23].
Based on the voltage and current stresses, specific devices
are selected for the circuit. Two MOSFETs are connected
in parallel in the synchronous rectifier to share the cur-
rent. The power losses of the power devices are calculated
with the rms current and the electrical parameters from
datasheet. The input three-phase diode-bridge rectifier, the
TABLE 3. Parameters of the main circuit.
primary-side MOSFETs, and the secondary-side MOSFETs
have been placed on three separate heat sinks, respectively.
As for magnetic components, the power losses consist of core
loss and copper loss. The core loss is estimated by empirical
equation provided by manufacturers [24], [25],
Pcore.XFMR = 3.5 · f 1.4 · Bmax2.5
· (0.88− 0.013 · T+0.000142 · T 2)·Vol (1)
Pcore.L = 6.5 · f 1.51 · Bmax1.74 · m (2)
Vol is the volume of the core, T is the temperature and m
is the mass of the core. The copper loss is calculated using
an estimated winding length, wire resistance, and an AC
resistance coefficient. More accurate cooling performance is
obtained in FEM simulation. The part number of the selected
devices and corresponding power losses are listed in Table 4.
The efficiency of the main circuit is 95.6%.
Fig. 3 shows the simulation results of the output voltage of
the power supply. The start-up process and the steady-state
output voltage ripple are shown in the two enlarged figures,
respectively. It shows that the start-up time is less than 0.2ms,
and the voltage ripple is about 0.1V (1%).
III. FEM THERMAL SIMULATION
A FEM thermal model is built up in Icepak computational
fluid dynamics (CFD) software. The 3-D model of the
whole system is drawn in Solidworks, as shown in Fig. 4.
Most of the components are screw mounted and should be
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TABLE 4. Power losses of the main components.
FIGURE 3. Output voltage of circuit simulation result.
FIGURE 4. The 3-D model of the designed power supply: (a) top view;
(b) overall view.
connected with copper bars, which are not included in the
model. The 3-D model is then imported into Icepak CFD
for the thermal simulation. Some simplification of the struc-
ture of the components is done to reduce the complexity of
meshing. A schematic diagram of two simplified structures of
MOSFET is shown in Fig. 5. The rectifier bridge is simplified
FIGURE 5. Schematic diagram of simplified structures of (a) primary-side
MOSFET (b) SR MOSFET.
into the same structure with Fig. 5(a), but with six chips on
it according to its real structure. The size of the simplified
structures is according to their datasheets. The capacitors
are simplified into a metal case and a cylinder core with
power loss. The components are restricted in a cuboid cabinet
measuring 425mm×120mm×140mm. Four rounded fans
with a diameter of 90mm and flow speed of 19.4 cubic feet
per minute (CFM) are adopted on one side of the model,
and six 405mm×5mm rectangular opening is arranged on
the other side for air convection. The position of the fans is
marked in Fig. 4.
The power loss data in Table 4 are adopted as Joule heating
power in the thermal simulation, and the components are
assumed as the heat source in the FEM model. The Joule
heating power of the power devices is assumed on the chip.
The initial temperature of all the components and ambient air
is 60 ◦C. A steady-state simulation is performed to obtain the
stable temperature distribution of all the components in the
system in long-term working condition. As the power supply
is working in a square wave mode, the Joule heating power
defined for each device is an average power loss. The average
power loss Ploss of each component is defined as,
Ploss = Ploss × DUC (3)
DUC = ton
/
Tperiod = ton
/(
ton + toff
)
(4)
For each component, Ploss is the calculated power loss.
DUC is the on-time ratio (duty cycle) of the square wave
output current in one period. ton, toff and Tperiod are the
turn-on time, turn-off time and period time of the square
wave output current, respectively. The relationship of output
current, power loss, average power loss, and the duty cycle
is shown in Fig. 6. The maximum output duty cycle of this
application is 0.8, which is used in the simulation.
Steady-state simulation in Icepak predicts the airflow
velocity and temperature distribution in long-term working
condition. The steady-state simulation costs 100 iterations.
FIGURE 6. The relationship of output current, power loss, average power
loss and duty cycle.
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TABLE 5. Thermal stress of key components.
FIGURE 7. Air flow velocity diagram on horizontal intersecting surfaces.
The airflow velocity distribution on several horizontal inter-
secting surfaces is presented in Fig. 7. It is in the same
viewing direction with Fig. 4(a). The maximum temperature
and average temperature of the components are listed
in Table 5. The temperature of the power switches is rep-
resented by the die temperature in the table. All the com-
ponents work within the operating temperature ranges. The
maximum temperature of the primary-side MOSFETs and
the SR MOSFETs are 91 ◦C and 87 ◦C, which is reasonably
below the limits of 150 ◦C and 175 ◦C, respectively. More-
over, the capacitors, which are thermal critical, are with a
maximum temperature rise of 5 degrees. The temperature
distribution of SR MOSFETs and the heat sink attached to
them are shown in four intersection surfaces in Fig. 8. These
results indicate proper convection (fans and heat sinks) of this
system. It implies that the designed power supply can work
properly with a maximum duty cycle of 0.8 at an ambient
temperature of 60 ◦C.
FIGURE 8. Temperature distribution in different intersection surfaces of
the SR MOSFETs and the corresponding heat sink.
IV. THERMAL MODEL AND ANALYSIS
The results of circuit simulation and steady-state thermal
simulation in Section III have already made a basic design
verification. Due to the pulse current operation of the power
supply, the temperature fluctuation of the devices should also
be considered. The transient temperature variation process
can be obtained by defining the loading regulation of power
loss in a transient simulation. The thermal characteristic of
a system is mainly determined by the structure, material,
and convection. The temperature has a certain influence on
thermal characteristics, but within the operating temperature
range of general equipment, this influence is minimal and can
be neglected. That is, a general model can be built for a device
in different power loss and environment temperature distri-
bution. Then, the temperature of the device can be predicted
without heavy computation burden. According to the power
loss in Table 3 and the thermal stress in Table 4, primary-side
MOSFETs are the most fragile devices with high working
thermal load in the system. Thus, the discussion about the
thermal model and the relationship between working pat-
tern and temperature fluctuation focuses on the primary-side
MOSFET. This thermal analysis method can also be used for
other components in the system. The principle of the thermal
modeling is introduced in part A. Temperature prediction
and a discussion on device selection based on the thermal
model for primary-side MOSFET is presented in part B and
C, respectively.
A. PRINCIPLE OF THERMAL MODELING
The temperature-rise process during the heating time of a
specific component can be represented by,
THeat (t) = Ploss ·
n∑
i=1
Ai ·
(
1− e−Bi·t
)
+ T0 (5)
in which T0 is the initial temperature, n is the order of the ther-
mal model, Ai and Bi are coefficients of the thermal model.
Similarly, the cooling process of a specific component is,
TCool (t) = λ ·
n∑
i=1
Ci · e−Di·t + T0 (6)
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Ci and Di are coefficients of the model, and λ is the
equivalent heat transfer coefficient. The equivalent heat trans-
fer coefficient has a relationship with the temperature dis-
tribution of the environment. In the steady-state operation,
the temperature decrease during the cooling time must com-
pletely offset the heating during one single pulse. Therefore,
λ can be calculated and the temperature fluctuation of one
pulse in the steady state can be expressed as,
λ =
Ploss ·
n∑
i=1
Ai ·
(
1− e−Bi·ton
)
n∑
i=1
Ci ·
(
1− e−Di·toff
) (7)
T (t) =

Ploss ·
n∑
i=1
Ai ·
(
1− e−Bi·t
)
(0 ≤ t ≤ ton)
λ ·
n∑
i=1
Ci ·
[
1− e−Di·(t−ton)
]
+ T (ton)(
ton < t ≤ Tperiod
)
(8)
λ is a coefficient depending on power loss and turn-on,
turn-off time.
The dynamic thermal profile during the initial heating
up period (i.e., before the system reach to the steady-state
thermal stress) consists of a DC component representing the
overall trend of temperature rise, and an AC component rep-
resenting the fluctuation of repeated pulse. The AC compo-
nent is a periodic repetition of (8). Before components reach
thermal stability, the DC component is a function of time and
average power loss Ploss. The DC component can be acquired
by a simple transient simulation with a constant power loss.
The temperature curve can derived by adding the DC com-
ponent and AC component together. The DC component is a
constant while the system becomes stable. Thus, the temper-
ature fluctuation of a pulse under steady-state operating can
be calculated by adding up a DC component to (8) which is,
TDC (t) = Tsteady (t)− Tmean
= Tsteady (t)−
Tperiod∫
0
T (t) · dt
/
Tperiod (9)
Tsteady(t) and Tmean are the temperature obtained based on
a constant power loss and the average temperature of one
pulse calculated in (8). In stable state, Tsteady(t) is a constant
temperature from the steady-state simulation result.
B. COEFFICIENT FITTING AND TEMPERATURE
PREDICTION
Based on the 3-D FEMmodel discussed in Section III, a tran-
sient temperature simulation with 20 seconds turn-on time
and 20 seconds turn-off time is done. The SRMOSFETs, hav-
ing the highest power loss, is selected for illustration purpose
here. Other components in the power supply system maintain
their working loads in Table 4 for the first 20 seconds and
turn off in the next 20 seconds, which means the thermal
FIGURE 9. Curve fitting of temperature change process of SR MOSFET:
(a) heating process (Ploss = 64.6 W); (b) cooling process (Ploss = 0 W).
FIGURE 10. Comparison of the model predicted and simulated
temperature fluctuation curve of SR MOSFET (Ploss = 64.6 W,
ton = 0.45 s, toff = 1.05 s).
coupling behavior with other components are represented in
the simulation. The time step is 0.05s from 0 to 1 s, because
the temperature changes fast at the beginning. The time step
is set to 0.5 s in 1-5 s, 1 s in 5-10 s, and 2 s in 10-20 s. For
the turn on and turn off time, 78 calculation time points,
1560 iterations, are used in total.
The temperature variation of the SR MOSFET is extracted
from the simulation results. The temperature data can be
divided into a heating process (0-20 s) and a cooling process
(20-40 s), and are plotted in Fig. 9 with dots. The two curves
are fitted with (5) and (6), respectively, with a fourth-order
model. The fitting curve is also plotted in Fig. 9, and the com-
parison shows excellent consistency. The fitted coefficients
are listed in Table 6.
By using this thermal model, temperature variation in
different situations can be obtained. The results of one
square wave loading situation are chosen as an illustration.
The model predicted and FEM simulated temperature fluc-
tuation curves (in stable state) are compared in Fig. 10.
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TABLE 6. Thermal model coefficient.
The comparison error between these two curves is less than
1◦C, which proves the validity of the derived thermal model.
The simulated temperature curve in Fig. 10 is derived from
an unsimplified rigorous transient CFD simulation. The time
span is 1200 seconds to make sure the system achieve sta-
bility. The system needs at least 500 seconds before stability.
The time step should be smaller than 1 s to know the details
of temperature change. That is, a rigorous simulation costs
at least 10000 iterations, which means the simplified thermal
model reduced at least 83% computational burden. The rig-
orous simulation in Fig. 10 costs 160000 iterations, and the
simplified thermal model reduced 99% of the computational
burden.
C. DISCUSSION ON DEVICE SELECTION
In EAM application, the typical on-time of the periodic pulse
current is less than 2 s, and the duty cycle is usually less than
0.5. Due to this feature, the maximum junction temperature of
MOSFETs may be lower than that under continuous current
operation due to its thermal capacitance. This sub-section dis-
cusses the maximum allowable on-time of the pulse current
with different choices of MOSFETs.
Several alternative MOSFETs are selected with the
SOT-227 package. Their on-state resistance are 1.9m,
2.3m and 2.6m, respectively. Their power losses are
calculated as 53.5W, 64.6W and 73.0W compared to 24.3W
of the initial selectedMOSFETs. Their maximum duty cycles
are 0.36, 0.3, and 0.27, respectively, to maintain a same aver-
age power loss in (3). The junction temperature fluctuation in
a period is,
1T = Ploss ·
n∑
i=1
Ai ·
(
1− e−Bi·ton
)
(10)
For a given certain maximum junction temperature fluctua-
tion1T , the maximum turn-on time can be obtained from 10.
If the maximum junction temperature variation is limited to
25 ◦C, as an example, the temperature variation of one single
pulse of these MOSFETs can be obtained using the thermal
model. The results are plotted in Fig. 11. The maximum
turn-on time are 0.63 s, 0.15 s, 0.10 s, respectively. That is,
if the turn-on time is less than 0.63 s and the duty cycle is
smaller than 0.36, the SR MOSFET can be replaced by the
one with 53.5W power loss. The feasible range of different
MOSFETs is shown in Table 7. Therefore, different devices
can be selected for the power supply based on this result and
the application requirements.
As a summary, this method can be described as several
steps: 1) a steady-state FEM simulation using average power
loss for the first step thermal design, to ensure the designed
power supply is feasible for a long-term operation; 2) for the
FIGURE 11. Temperature curve of different MOSFETs With the same
maximum temperature change (1T = 25◦C) obtained by proposed model.
TABLE 7. Feasible range of alternative MOSFETs.
component need to discuss, find several alternative options
with the same packaging, and calculate their power loss;
3) a transient FEM simulation (20 s heating and 20 s cooling)
using one of the selected options, and obtain the parameters
for the thermal model; 4) for a required maximum temper-
ature fluctuation, obtained the maximum turn-on time and
maximum duty cycle for each alternative option using the
thermal model. Then, the most suitable component is found
according to the design requirements. The thermal model
can be applied to all the components in the designed equip-
ment. The temperature prediction with the proposed thermal
model is not as precise as the RC thermal circuit, but is
more convenient especially for a preproduction analysis and
verification. The device selection strategy is more suitable for
power switches with high power loss, and the optional devices
should have the same package.
V. CONCLUSION
The electro-thermal modeling and design of key components
of a high-current pulse supply have been presented in this
paper. Based on the power loss analysis and converter-level
thermal simulation, curve-fitted thermal models can be
obtained to ensure proper design margins and to optimize
the sizing of key components, such as MOSFETs. Moreover,
a method to reduce the computation burden of the FEM
simulation is presented to obtain the dynamic thermal profile
under pulse current operation.
A case study of a 5 kW 500A pulse supply is demon-
strated. The circuit is first designed, and a FEM simula-
tion is built based on the calculated power losses. A sim-
plified thermal model of one representative component is
proposed with the transient temperature results from the FEM
simulation, to achieve the dynamic temperature prediction.
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The difference between the obtained thermal results from
the FEM simulations and calculations is less than 1 ◦C. The
simplified model reduces at least 83% of the computational
burden. A component selection strategy is presented based on
the proposed thermal model. The presented study provides
the model-based design and optimization of power supplies
for electrically assisted manufacturing (EAM) applications.
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